Transcription of inflammatory genes in innate immune cells is coordinately regulated by transcription factors, including NF-κB, and chromatin modifiers. However, it remains unclear how microbial sensing initiates chromatin remodeling. Here we show that Akirin2, an evolutionarily conserved nuclear protein, bridges NF-κB and the chromatin remodeling SWI/SNF complex by interacting with BRG1 Associated Factor 60 (BAF60) proteins as well as IκB-ζ, which forms a complex with the NF-κBp50 subunit. These interactions are essential for Toll-like receptor-, RIG-I-and Listeria-mediated expression of proinflammatory genes including Il6 and Il12b in macrophages. Consistently, effective clearance of Listeria infection required Akirin2. Furthermore, Akirin2 and IκB-ζ recruitment to the Il6 promoter depend upon the presence of IκB-ζ and Akirin2 respectively, for regulation of chromatin remodeling. BAF60 proteins were also essential for the induction of Il6 in response to LPS stimulation. Collectively, the IκB-ζ-Akirin2-BAF60 complex physically links the NF-κB and SWI/SNF complexes in innate immune cell activation.
Introduction
Innate immune cells such as macrophages sense molecular patterns from microorganisms and damaged cells (Beutler, 2009; Medzhitov, 2008) . These molecular patterns are recognized by several classes of sensor proteins, such as Toll-like receptors (TLRs), RIG-I-like receptors (RLRs), Nod-like receptors (NLRs) and so on. TLRs and RLRs trigger signaling pathways leading to transcriptional expression of a set of genes involved in inflammation . Systemic inflammation is mediated by the action of proinflammatory cytokines and chemokines such as tumor necrosis factor (TNF), interleukin (IL)-1, IL-6, IL-12, and type I IFNs. It has been well documented that transcription factors such as NF-κB, AP-1 and IFNregulatory factors (IRFs) are critical for the expression of these inflammatory genes (Honda & Taniguchi, 2006; Oeckinghaus et al, 2011) . Moreover, inflammatory gene expression is controlled by various other mechanisms, such as modulation of the decay rate of induced mRNAs, even after nuclear translocation of transcription factors.
Epigenetic regulation of transcription constitutes another such mechanism. Mammalian DNA is tightly packed into chromatin which must be modified by the histone-modifying and ATP-dependent SWI/SNF family of remodeling complexes in order to facilitate gene activation (Medzhitov & Horng, 2009 ), thereby allowing transcription at specific loci (Cairns, 2009) . Several transcription factors can interact with SWI/SNF complexes and recruit them to specific genes (Chi et al, 2004; Clapier & Cairns, 2009; Yudkovsky et al, 1999) . For example, IFN-γ restores IL6 expression by facilitating TLR4-induced recruitment of chromatin remodeling machinery to the IL6 promoter and promoting IL6 locus accessibility in tolerized monocytes (Chen & Ivashkiv, 2010) . Nucleosome remodeling also appears to contribute to the rapid induction of the p40 subunit of the proinflammatory cytokine interleukin-12 (IL-12) after LPS stimulation in murine macrophages (Weinmann et al, 1999) . Nucleosome remodeling requires TLR4 signaling and new protein synthesis but is independent of the NF-κB subunit c-Rel, which is essential for transcription in macrophages (Weinmann et al, 2001) .
The transcriptional induction of mammalian genes by TLRs and other stimuli can be classified in terms of their dependence on SWI/SNF. It was previously proposed that class of S. Tartey et al. genes characterized by CpG-island promoters facilitate promiscuous induction from constitutively active chromatin, although another major class consists of non-CpG-island promoters that assemble into stable nucleosomes, resulting in SWI/SNF dependence and a requirement for transcription factors that promote selective nucleosome remodeling (Ramirez-Carrozzi et al, 2009 ). However, a more recent work suggests that some of CpG-island containing genes also require new protein synthesis and are expressed with slow kinetics (Bhatt et al, 2012) . The relationship between chromatin remodeling and transcription factor activation in cytokine gene expression is thus not well understood.
An interesting feature of the innate immune system is the high conservation among species from insects to mammals. Indeed, the role of the Toll protein in innate immunity was discovered through work on Drosophila. We previously identified Akirin, a nuclear factor regulating NF-κB dependent transcription in a functional genome-wide RNA-mediated interference (RNAi) screening of Drosophila cell culture to isolate new components of the Imd pathway (Goto et al, 2008) . Akirins are found in diverse animal species and possess two conserved regions at their N-and C-termini, the former containing a nuclear localization signal.
Akirin has been reported to be crucial for regulating gene expression in a wide range of contexts (Goto et al, 2008; Macqueen & Johnston, 2009; Nowak et al, 2012; Salerno et al, 2009 ). It has also been established that Akirin has a promyogenic role during muscle regeneration in mice (Marshall et al, 2008) . There are 2 Akirin family members in humans and mice. Akirin2, but not Akirin1 is critical for the production of IL-6 in response to TLR stimuli in mouse embryonic fibroblasts (MEFs) in addition to having a role in mouse development (Goto et al, 2008) . As Akirin sequences show no obvious DNA-or RNA-binding motifs, they represent a potential link between NF-κB induced transcription and upstream signaling.
In the present study, we examined the role of mouse Akirin2 in macrophages by generating a conditional allele. Akirin2 is essential for the expression of a set of inflammatory genes including Il6 downstream of TLRs and RLRs. In addition, mice lacking Akirin2 in macrophages show impaired cytokine production in response to Listeria infection and clearance of infecting bacteria in vivo. Akirin2-dependent genes tended to exhibit relatively S. Tartey et al. 5 few CpG islands in their promoters. These observations motivated us to examine how Akirin2 regulates inflammatory gene expression. Akirin2 was directly recruited to its target gene promoters, and was found to control chromatin remodeling by recruiting BAF60 proteins, components of the SWI/SNF complex. Further, we identified IκB-ζ as an Akirin2 binding protein via the C-terminal region of Akirin2, and found that IκB-ζ and the NF-B p50 subunit are required for the recruitment of Akirin2 to the Il6 promoter. Reciprocally, IκB-ζ was also recruited to the Il6 promoter in the presence of Akirin2. This study reveals that Akirin2 mediates the physical link between the NF-κB and SWI/SNF complexes and thereby represents a novel paradigm for providing tissue and target specificity for transcription factor interactions with chromatin remodeling machinery.
Results

Akirin2 Deletion Severely Impairs Proinflammatory Cytokine Production in
Macrophages
To investigate the role of Akirin2 in innate immune cells, we specifically ablated Akirin2 in myeloid cells by crossing Akirin2 fl/fl mice with mice expressing the lysozyme promoter-driven cre recombinase gene (LysM-Cre). Selective deletion of Akirin2 in myeloid cells of LysM Cre/+ ;Akirin2 fl/fl mice was demonstrated by northern blot and immunoblot analyses (Supplementary Figure S1A, S1B) . Immunoblot analysis showed a modest decrease in Akirin2 protein expression in macrophages upon LPS stimulation (Supplementary Figure   S1B ). The frequency of T and B cells, macrophages and neutrophils in the spleen, bone marrow (BM) and peritoneal exudate cells (PECs), were not altered between LysM-Cre + ;Akirin2 fl/+ or LysM-Cre + ;Akirin2 fl/fl mice (Supplementary Figure S2A, S2B, S2C) .
We first examined the responses of peritoneal macrophages to stimulation with TLR ligands and virus infection. Whereas the production of TNF and CXCL1 chemokine KC were comparable, macrophages from LysM-Cre + ;Akirin2 fl/fl mice produced significantly less IL-6 and IL-12p40 than those from LysM-Cre + ;Akirin2 fl/+ mice upon stimulation with various TLR ligands ( Figure 1A) . In contrast, macrophages lacking Akirin1 did not show any defects in the production of cytokines to TLR stimulation (data not shown), indicating that Akirin2, but not Akirin1, plays a critical role in the regulation of proinflammatory cytokine production. It has been shown that Newcastle disease virus (NDV) and Encephalomyocarditis virus (EMCV) infection is recognized by RIG-I and MDA-5, respectively, in macrophages, resulting in the production of type I IFNs. Akirin2-deficient macrophages produced significantly less IL-6 and IFN-β than did WT cells after NDV and EMCV infection (Figure 1B, Supplementary Figure   S3 ). Furthermore, Herpes simplex virus (HSV)-mediated production of IL-6 and IFN-β was also severely impaired in the absence of Akirin2 in macrophages. Since recognition of HSV is mediated through STING by cytoplasmic DNA sensors including cyclic GMP-AMP synthase (Sun et al, 2013) , these results indicate that Akirin2 plays a pivotal role in the production of IL-6, IL-12p40 and IFN-β in response to the recognition of pathogens via various classes of sensors in macrophages.
Next we examined whether Akirin2 regulates IL-6 production at the level of gene expression. Northern blot analysis revealed that LPS-induced expression of genes encoding IL-6 and CXCL10 was severely impaired in LysM-Cre + ;Akirin2 fl/fl macrophages relative to control LysM-Cre + ;Akirin2 fl/+ cells, indicating that Akirin2 is critical for the expression of several LPSinducible genes (Figure 1C) . However, the induction of genes encoding IFIT2 and CXCL1 chemokine KC was similar in LysM-Cre + ;Akirin2 fl/+ and LysM-Cre + ;Akirin2 fl/fl macrophages. (Supplementary Figure S5) . Thus, mouse Akirin2 regulates the expression of a set of LPS and Poly I:C inducible genes, including Il6, Il12b and Ifnb.
Akirin2 is critical for the responses to Listeria monocytogenes infection in vivo
Next we examined the innate immune responses to pathogen infection in vivo by using Listeria monocytogenes as a model. When LysM-Cre + ;Akirin2 fl/fl mice were intraperitoneally infected with Listeria monocytogenes, the production of IL-6 and IL-12p40, but not TNF, in the sera was severely impaired compared with LysM-Cre + ;Akirin2 fl/+ mice (Figure 2A) . Consistently, Listeria-mediated infiltration of myeloid cells including CD11b + Ly6G hi neutrophils to the peritoneal cavity was significantly reduced in LysM-Cre + ;Akirin2 fl/fl mice (Figure 2B, 2C) .
CD11b + Ly6c hi Ly6g lo inflammatory monocytes also tended to require Akirin2 for their recruitment (Figure 2D) . Furthermore, the expression of Il6, but not Tnf, in the PECs from Listeria-infected mice decreased in the absence of Akirin2 in macrophages (Figure 2E) .
Consistent with the impaired immune responses to infection, Akirin2 deficiency leads to impaired clearance of infected Listeria in the spleen and liver (Figure 2F) . These results demonstrate that Akirin2 expressed in macrophages is critical for innate immune responses to Listeria infection and host defense in vivo.
Akirin2 is required for LPS-induced nucleosome remodeling at the Il6 promoter region
As Drosophila Akirin acts together with or downstream of Relish, we next examined the LPSdependent activation of NF-κB in LysM-Cre + ;Akirin2 fl/fl macrophages. In response to these stimuli, neither degradation of IκBα ( Figure 3A ) nor induction of NF-κB DNA binding ( Figure 3B ) was impaired in LysM-Cre + ;Akirin2 fl/fl macrophages. In addition, LPS-induced phosphorylation of JNK and p38 was not altered between control and LysM-Cre + ;Akirin2 fl/fl macrophages ( Figure 3A) . These data indicate that mouse Akirin2 acts together with or downstream of NF-κB and MAP kinases in the control of TLR inducible gene expression in macrophages.
To examine if Akirin2 controls LPS-induced gene expression at the transcriptional level, we performed a chromatin-immunoprecipitation (ChIP) assay using anti-phospho-polymerase II (Pol II) Ab in LPS-stimulated macrophages. As shown in Figure 3C , phospho-Pol II was recruited to the Il6 and Cxcl1 promoters and coding regions in response to LPS stimulation in wild-type macrophages. However, its recruitment to the Il6 locus was severely impaired in the absence of Akirin2 (Figure 3C ). Furthermore, impaired recruitment of phospho-pol II to the Il6 and Il12b, but not Cxcl1, promoter was observed at various time points after LPS stimulation ( Figure 3D) . Likewise, the recruitment of phospho-pol II to the Tnf promoter was normal in LysM-Cre + ;Akirin2 fl/fl macrophages (Supplementary Figure S6A) . Collectively, these results clearly indicate that Akirin2 controls Il6 gene expression at the transcription level.
To comprehensively examine the effect of Akirin2 deficiency on LPS-induced gene expression in macrophages, we examined the genome wide change in gene expression in response to LPS by microarray analysis. We selected 1054 genes whose expression levels were upregulated more than 2-fold in response to LPS stimulation in wild-type macrophages ( Supplementary Table S1 ). Comparison of LPS-inducible genes between wild-type and LysM-Cre + ;Akirin2 fl/fl macrophages revealed that 187 genes were expressed less than 2-fold in the absence of Akirin2. Hierarchical clustering of the 1054 genes divided the LPS-inducible genes into 8 different clusters based on their expression levels in LysM-Cre + ;Akirin2 fl/+ (Control) and LysM-Cre + ;Akirin2 fl/fl (KO) macrophages ( Supplementary Table S1 and Figure 3E ). Among these, gene clusters 1, 2 and 6 tended to be down-regulated in LysM-Cre + ;Akirin2 fl/fl macrophages (Figure 3E ). From these clusters we next selected 25 genes whose expression levels were highly different in wild-type and LysM-Cre + ;Akirin2 fl/fl macrophages and designated these as Akirin2-dependent genes (Figure 4A ). In addition, we selected 48 genes whose expression levels were comparable between wild-type and LysM-Cre + ;Akirin2 fl/fl macrophages as a reference. Using these two sets of genes, we first compared the promoter sequences of Akirin2dependent and -independent genes. However, we did not observe any significant differences in the frequency of NF-κB binding sites between Akirin2-dependent and -independent gene promoters (Supplementary Figure S7) . In contrast, the Akirin2-dependent genes tended to harbor significantly fewer CpG islands compared with Akirin2-independent genes (p = 0.0067), entire LPS-inducible genes (p = 1.4 X 10 -6 ) or genes in the whole genome (p = 0.0016) ( Figure   4A , 4B). These data demonstrate that among LPS-inducible genes Akirin2 controls the expression of a set of genes whose promoter regions have relatively fewer CpG islands, suggesting a relationship between Akirin2 and chromatin remodeling.
Akirin2 is critical for chromatin remodeling of the Il6 promoter region
To investigate whether Akirin2 is involved in the regulation of chromatin remodeling, nuclei from unstimulated and LPS-stimulated peritoneal macrophages were treated with a restriction enzyme; after purification of genomic DNA and cleavage with a second enzyme, the efficiency of cleavage in the isolated nuclei was monitored by Southern blot (Zhou et al, 2004) .
Macrophages from LysM-Cre + ;Akirin2 fl/fl mice showed decreased accessibility to the Il6 promoter, indicating that Akirin2 is critical for opening the Il6 promoter and further nucleosome remodeling ( Figure 4C) . We next investigated the involvement of Akirin2 in histone modification on the Il6 promoter region in response to LPS. We examined changes in the trimethylation of histone 3 lysine 4 (H3K4) as well as acetylation of H3K9 on the Il6, Il12b, Cxcl1 and Tnf promoters in response to LPS. Although trimethylation of H3K4 on the Cxcl1 and Tnf promoters was comparably induced in response to LPS stimulation in LysM-Cre + ;Akirin2 fl/+ and LysM-Cre + ;Akirin2 fl/fl macrophages, the Il6 and Il12b promoters required Akirin2 for inducing H3K4 trimethylation (Figure 4D, Supplementary Figure S6B) . Likewise, the acetylation of H3K9 on the Il6 and Il12b, but not Cxcl1 and Tnf promoters, was also induced in response to LPS in an Akirin2-dependent manner (Figure 4E, Supplementary Figure 6C) . These results indicate that Akirin2 is directly involved in the regulation of chromatin remodeling and histone modification at the Il6 promoter.
Akirin2 interacts with BAF60 family members, which are required for Il6 expression
One mechanism whereby Akirin might function as a general cofactor for gene expression would be through interactions with chromatin remodeling complexes. A Drosophila wholegenome yeast 2-hybrid experiment (Giot et al, 2003) suggested that Akirin interacts with BAP60 (Brahma associated protein), a core subunit of the Drosophila SWI/SNF class Brahma (BRM) chromatin remodeling complex (Moller et al, 2005) . Mammals have a family of BAP60 homologues, comprised of BAF60a, BAF60b and BAF60c, which are encoded by the SMARCD1, SMARCD2 and SMARCD3 genes, respectively (Puri & Mercola, 2012) . Among these, BAF60c is preferentially expressed in the developing heart and somites during embryogenesis (Lickert et al, 2004) . Furthermore, an equivalent activity of BAF60c in skeletal muscle differentiation and the molecular mechanism by which BAF60c promotes tissuespecific activation of gene expression has been described (Forcales et al, 2012) . BAF60 proteins have been shown to interact with multiple transcription factors and are thought to bridge interactions between these transcription factors and SWI/SNF complexes, thereby allowing the recruitment of SWI/SNF to the target genes (Debril et al, 2004; Hsiao et al, 2003; Lickert et al, 2004) .
To investigate if Akirin2 interacts with mammalian BAP60 homologues, we overexpressed Flag-tagged Akirin2 and Myc-tagged BAF60 family members (BAF60a, BAF60b and BAF60c proteins) in HEK293 cells. Immunoprecipitation of the cell lysates with anti-Flag antibody co-precipitated Myc-tagged BAF60a, BAF60b and BAF60c (Figure 5A) , indicating that Akirin2 can interact with BAF60 proteins in cells. Furthermore, endogenous Akirin2 co-precipitated with anti-Baf60a Ab in peritoneal macrophages irrespective of stimulation by LPS ( Figure 5B) , and the specificity of the Akirin2 precipitation was confirmed by the fact that the precipitated band was not observed in LysM-Cre + ;Akirin2 fl/fl macrophages ( Figure 5C ). These results suggest that endogenous Akirin2 associates with Baf60 proteins even in resting cells.
To gain functional insight into the specific role of BAF60 proteins and their relation to Akirin2 in TLR/IL-1R-induced gene expression, we knocked down BAF60 genes, the SWI/SNF catalytic subunit BRG1 and AKIRIN2 in HeLa cells (Supplementary Figure S8A) and in J774 macrophages ( Supplementary Figure S8B and S8C) . The expression of IL6 in response to IL-1β was severely impaired in Akirin2, BAF60b, BAF60c and BRG1 depleted HeLa cells. In contrast, knockdown of BAF60a failed to affect IL6 expression in response to IL-1β stimulation (Figure 5D ). However, the induction of genes encoding IL8, a counterpart of mouse KC, was comparable in control, Akirin2 and BAF60 depleted HeLa cells ( Figure   5E ). In addition, knockdown of Baf60 genes as well as Brg1 in the J774 mouse macrophage cell line led to the defects in the expression of Il6, but not Cxcl1, in response to LPS (Supplementary Figure S8D ). In this cell line, Baf60a is also critical for the regulation of Il6 in contrast to HeLa cells. These results indicate that Akirin2 and BAF60 complex members are critical for regulating Il6 gene expression together with BRG1 in various cell types. Next we examined the role of BAF60 proteins in the regulation of histone modification.
Knockdown of BAF60b and BAF60c, but not BAF60a, in HeLa cells resulted in deficient recruitment of phospho-Pol II as well as H3K9 acetylation in response to IL-1β stimulation (Figure 5F, 5G) . Similarly, downregulation of Akirin2 and Brg1 also impaired the recruitment of phospho-Pol II and acetylation of H3K9, further confirming that Akirin2, BAF60b and BAF60c regulate Il6 gene expression through chromatin modification.
Finally, we investigated the interaction between Akirin2 and BAF60 family members at the residue level. The immunoprecipitation experiment further revealed that the Akirin2 mutants lacking N-terminal NLS (1-30) or the C-terminal region (151-203) were capable of co-precipitating with BAF60a or BAF60c (Supplementary Figure S10A , S10B), suggesting that Akirin2 interacts with BAF60 proteins via its central portion. Indeed, an alignment of 50 Akirin proteins among different species identified that the central portion is also highly conserved and is predicted to assume a helical secondary structure ( Figure 6A ).
Akirin2 interacts with IκB-ζ via the C-terminal conserved region
We then further investigated the mechanism by which Akirin2 regulates gene expression in the course of TLR-induced macrophage activation. We hypothesized that Akirin2 acts in concert with NF-κB family members by physically associating with them, though we did not observe interaction with NF-κB family members (data not shown). On the other hand, it has been shown that Il6 and Il12b, but not Tnf, mRNA expression to TLR stimulation requires an IκB-like molecule called IκB-ζ (Yamamoto et al, 2004; Yamazaki et al, 2001) . Another report suggested the involvement of IκB-ζ in the regulation of histone modifications, though the underlying mechanism is not well understood (Kayama et al, 2008) . Interestingly, Flag-tagged IκB-ζ coprecipitated with Myc-tagged Akirin2, when overexpressed in HeLa cells (Figure 6B) .
Furthermore, immunoprecipitation of overexpressed flag-tagged Akirin2 with anti-Flag Ab resulted in the co-precipitation of endogenous NF-κB p50, but not p65, subunit in HeLa cells upon IL-1β stimulation (Figure 6C) . Interestingly, overexpressed Akirin2 could also precipitate endogenous IκB-ζ with and without stimulation ( Figure 6C) . When Flag-Akirin2 was abundantly expressed, the interaction between Flag-Akirin2 and IκB-ζ appears to be modestly increased probably due to the increase in the expression of IκB-ζ. Consistently, even endogenous Akirin2 co-precipitated with endogenous IκB-ζ in peritoneal macrophages ( Figure   6D ), and this interaction was not observed in IκB-ζ -/or LysM-Cre + ;Akirin2 fl/fl macrophages ( Figure 6D) . Whereas IκB-ζ expression was induced in macrophages in response to LPS stimulation, the IκB-ζ-Akirin2 interaction was observed even in resting cells and modestly decreased in response to LPS stimulation ( Figure 6D ). This may be due to the modest decrease in the endogenous Akirin2 protein expression in response to LPS stimulation in macrophages (Supplementary Figure S1B) . These results suggest that endogenous IκB-ζ expressed in resting cells can interact with endogenous Akirin2 irrespective of TLR stimulation. Then we examined the region of Akirin2 responsible for interaction with IκB-ζ ( Figure 6A) . Antibody staining of the HeLa cells expressing Akirin2 mutants clearly showed a strict dependence on the NLS (1-30) (Figure 6E) . Whereas a Myc-tagged Akirin2 mutant lacking the N-terminal NLS co-precipitated with Flag-tagged IκB-ζ, deletion of the C-terminal conserved region of Akirin2 abrogated the interaction between IκB-ζ and Akirin2 upon overexpression ( Figure 6F ).
Furthermore, endogenous IκB-ζ co-precipitated the Flag-tagged full-length and 1-30 Akirin2 mutant, but not the mutant lacking the C-terminal region (Figure 6G ). Next, we examined regions of IκB-ζ responsible for interaction with Akirin2. IκB-ζ is comprised of an N-terminal NLS, a central NF-B p50 subunit binding domain, and a C-terminal ankyrin repeat domain (Motoyama et al, 2005) . Although deletion of IκB-ζ N-terminal region (1-179) did not affect the interaction with Akirin2, the mutant IκB-ζ lacking the C-terminal Ankyrin-repeat region () failed to co-precipitate with Akirin2 ( Figure 6H) . These data indicate that Akirin2 interacts with IκB-ζ, and the Akirin2 C-terminal conserved region is critical for the interaction with the Ankyrin repeat domain of IκB-ζ. Next we investigated the relationship between IκBζ, Akirin2 and BAF60 family members. Interestingly, the immunoprecipitation experiment revealed that overexpressed Baf60a co-precipitated with endogenous IκB-ζ and this interaction is probably mediated through the endogenous Akirin2, as endogenous IκB-ζ failed to coprecipitate Baf60a upon overexpression of the C-terminal deletion mutant of Akirin2 lacking the IκB-ζ binding domain (Figure 6I) . Collectively, these results demonstrate that IκB-ζ can interact with Baf60 proteins via bridging by Akirin2. Figure 7A) . In contrast, the deletion of either the N-terminal or Cterminal resulted in defective rescue of IL-6 production in response to LPS or IL-1β stimulation (Figure 7B, 7C) . Thus, these results suggest that the interaction between IκB-ζ and Akirin2 is critical for inducing a set of genes in response to TLR stimulation.
Since IκB-ζ has been shown to be critical for the histone modification of its target genes in response to LPS, we next sought to determine if Akirin2 and IκB-ζ are required for the recruitment of the SWI/SNF remodeling complexes to the promoter regions of their target genes. ChIP experiments were performed using anti-BRG1 antibody and sheared cross-linked chromatin was prepared from unstimulated or LPS-stimulated macrophage cells lacking Akirin2 or IκB-ζ. BRG1 recruitment to the Il6 and Il12b, but not Cxcl1 promoter was observed 1, 4 and 8 hours after LPS stimulation, and was impaired in the macrophages from LysM-Cre + ;Akirin2 fl/fl mice as well as from IκB-ζ-deficient mice (Figure 7D) . Thus, these results indicate that both Akirin2 and IκB-ζ are required for the recruitment of the SWI/SNF complex to the Il6 and Il12b promoter regions.
Next we examined if Akirin2 is also recruited to the promoter regions of its target genes.
We retrovirally expressed Flag-tagged Akirin2 in wild-type and NF-κBp50 -/-BM macrophages, and performed the ChIP assay using anti-Flag Ab upon LPS stimulation ( Supplementary   Figure S11A, S11B) . The levels of total Akirin2 mRNA expression increased modestly in Flag-Akirin2 expressing cells (Supplementary Figure S11A) . Interestingly, we observed the recruitment of Akirin2 to the Il6 and Il12b, but not Cxcl1, promoters in response to LPS stimulation ( Figure 7E) . In contrast, retroviral expression of Flag-tagged Akirin2 in IκB-ζ -/and NF-κBp50 -/-BM macrophages led to the abrogation of the recruitment of Akirin2 on the Il6 and Il12b promoters (Figure 7E and 7F) , indicating that IκB-ζ is required for the recruitment of Akirin2 to its target gene promoters. We further examined the recruitment of IκB-ζ to the immune regulatory gene promoters by retrovirally expressing Flag-tagged IκB-ζ in LysM-Cre + ;Akirin2 fl/fl BM macrophages (Supplementary Figure S11C) . The ChIP assay revealed that IκB-ζ is also recruited to the Il6 and Il12b, but not Cxcl1, promoters in response to LPS stimulation (Figure 7G) . Interestingly, the recruitment of IκB-ζ to the promoters required the presence of Akirin2 in macrophages (Figure 7G ), suggesting that IκB-ζ and Akirin2 function together in order to be recruited to the Il6 and Il12b promoters for inducing the gene expression.
Discussion
In Drosophila, Akirin is critical for gene expression downstream of the Imd pathway. We have previously shown that Akirin2, but not Akirin1, controls IL-6 production in mouse embryonic fibroblasts, probably downstream of NF-B activation. However, the early embryonic lethality of Akirin2-deficient mice prevented examination of the role of this molecule in innate immune cells. Furthermore, the mechanisms of Akirin2-mediated control of IL-6 production have not been clarified. In the present study, we investigated the role of Akirin2 in macrophages by generating an Akirin2 conditional allele in mice, and we found that this molecule plays an essential role in the regulation of inflammatory gene expression in response to TLR stimulation as well as infection with viruses and a model bacteria, Listeria monocytogenes. Furthermore, Akirin2 in macrophages and neutrophils plays a role in the clearance of infecting bacteria. Thus, Akirin2 expressed in macrophages and neutrophils is critical for host defense against bacterial infection.
Akirin2 controls the TLR-induced transcription of a set of inflammation-related genes such as Il6, Il12b and Ifnb. In contrast, Tnf and Cxcl1 are not regulated by Akirin2. It has been shown that Tnf gene expression is rapidly inducible compared with Il6 or Il12b. Cxcl1 was also reported to be a rapidly inducible gene in response to TNF stimulation. Therefore, it is suggested that Akirin2 is critical for the control of rather slowly inducible genes in the course of macrophage activation. Promoters of Akirin2-dependent genes harbor significantly lower frequencies of CpG islands compared with Akirin2-independent genes, although there are some exceptions.
Akirin2 is essential for the recruitment of the chromatin remodeling complex component Brg1 and histone modification in response to LPS stimulation. Nevertheless, CpG-containing Akirin2-dependent genes also require Brg1 for their expression, further supporting a role for Akirin2 in the control of genes that require chromatin remodeling for their expression.
Mechanistically, we found that Akirin2 interacts with BAF60 proteins and IκB-ζ, and the complex is recruited to Il6 and Il12b promoters for inducing chromatin remodeling. Akirin2
and IκB-ζ are recruited to the Il6 and Il12b promoters, and act together to recruit the SWI/SNF complex to the promoters of their target genes.
Dynamic changes in gene transcription in innate immune cells is pivotal for evoking inflammation in response to pathogen infection. Gene expression is, in turn, controlled by elaborate and complex mechanisms. Whereas the activation of transcription factors such as NF-κB, AP-1 and IRF-3/-7 is essential for the induction of gene expression, the kinetics and intensity of the change in gene transcription is also regulated by histone modification and changes in chromatin architecture. TLR-inducible genes have been roughly classified into rapidly induced genes and late induced genes. The rapidly induced genes are known to be induced by the action of NF-κB, AP-1 and IRF transcription factors, and frequently have promoters containing CpG islands. TLR signaling leads to rapid recruitment of NF-κB as well as basic transcriptional machinery, p-TEFb phosphorylating Pol II to start generation of mature transcripts. On the other hand, the late induced genes are reported to be comprised of both CpG and low CpG island promoters (Bhatt et al, 2012) . Low CpG island promoters are enriched in the highly induced genes, and possibly require chromatin remodeling for transcription factor binding and general transcription initiation. Interestingly, genes regulated by the presence of Akirin2 show quite low numbers of CpG islands and chromatin remodeling was impaired in the absence of Akirin2. We further found that Akirin2 is critical for recruiting the SWI/SNF complex to secondary gene promoters. These data demonstrate that Akirin2 functions as an adaptor molecule to tether the chromatin remodeling machinery to the inflammation related gene promoters. Akirin is highly conserved among orthologs identified throughout metazoa been ascribed to the partial, functional redundancy between BAF60b and c (Takeuchi & Bruneau, 2009 ). Based on this evidence, as well as on our initial identification by coimmunoprecipitation experiments that Akirin2 interacts with both BAF60b and c, we restricted our analysis to HeLa cells in which Akirin2, Brg1, BAF60b or c were individually knocked down. BAF60b and BAF60c have been shown to be modified while regulating chromatin remodeling. Besides muscle cell development, BAF60c was reported to be involved in lipogenesis (Wang et al, 2013) . Insulin signaling leads to the phosphorylation of BAF60c by atypical protein kinase C / inducing its nuclear translocation and regulation of lipogenic genes. On the other hand, BAF60b was reported to interact with an E3 ubiquitin ligase Unkempt, and ubiquitination of BAF60b results in its degradation in a proteasome-dependent fashion (Lores et al, 2010) . In this regard, it is also interesting to explore if the BAF60 proteins undergo modification in the course of inflammation via Akirin2. Further studies are required to address differential involvement of the BAF60 proteins in controlling inflammation in vivo.
In this study, we found that IκB-ζ was required for the recruitment of Akirin2 as well as Brg1 to the Il6 and Il12b promoters in macrophages in response to LPS. Reciprocally, Akirin2 is also required for the recruitment of IκB-ζ to the same promoters in response to LPS.
The interaction between endogenous IκB-ζ and Akirin2 was also observed in resting macrophages. In addition, IκB-ζ was found to form a complex with Baf60 proteins via Akirin2.
These data suggest that IκB-ζ is recruited to the LPS-inducible gene promoters together with Akirin2 and BAF60 proteins, where they induce chromatin remodeling. Since IκB-ζ has been shown to interact with NF-B p50 subunit (Motoyama et al, 2005; Yamamoto et al, 2004) , and NF-κB p50 translocate from the cytoplasm to the nucleus upon IL-1β/TLR stimulation, our results indicate that the complex of IκB-ζ-Akirin2-SWI/SNF interacts with the NF-B p50 subunit via IκB-ζ upon IL-1β/TLR stimulation and the whole complex is then recruited to the Il6 and Il12b promoters. Therefore, it is possible that the specificity of Akirin2-dependent and -independent genes is determined by the recruitment of the NF-B p50 subunit to the promoters of its target genes. Future studies will identify the recruitment of NF-B p50 subunit, IκB-ζ and Akirin2 to each gene promoter in a comprehensive manner.
We have previously shown that IκB-ζ functions in the production of IFN- in natural killer (NK) cells in response to IL-12 and IL-18 stimulation. NK cells required IκB-ζ for inducing histone modifications in response to IL-12 and IL-18 stimulation (Miyake et al, 2010 ), suggesting that IκB-ζ also controls chromatin remodeling in NK cells. It has also been shown that IκB-ζ controls Th17 differentiation in T cells by regulating IL-17 gene expression via its promoter (Okamoto et al, 2010) . In contrast, IκB-ζ expressed in epithelial cells of lacrimal glands is critical for the prevention of their apoptotic cell death, which leads to a pathology similar to Sjogren's syndrome (Okuma et al, 2013) , though its molecular mechanism is yet to be clarified. It is intriguing to speculate that IκB-ζ functions via Akirin2-mediated chromatin remodeling in various immune cell types. Further studies with conditional Akirin2-deficient mice will uncover the broad functional roles of Akirin2 in various cells types in vivo.
In addition to the regulation of Il6 and Il12b in response to stimulation with TLR ligands, Akirin2 was found to be important for the induction of type I IFNs and a set of IFN-inducible S. Tartey et al. 20 genes in response to RNA virus infection. It has been shown that a nucleosome masks the TATA box and the transcription start site of the human IFNB promoter, and that the nucleosome slides due to the action of SWI/SNF complex, enabling transcription (Agalioti et al, 2000) . Further, a set of IFN-inducible genes require chromatin remodeling by SWI/SNF, a complex that includes a specific subunit, BAF200 (Yan et al, 2005) . Thus, the involvement of Akirin2 in the regulation of IFN-inducible genes such as IL-6 in response to RLR stimulation can be explained by the regulation of chromatin remodeling of their promoter regions.
In addition to the control of innate immune responses, Drosophila Akirin has been shown to be required for Twist-mediated gene transcription by controlling chromatin remodeling during embryogenesis. Akirin mutant embryos had muscle defects in fly. Given that the lack of Akirin2 in mice results in early embryonic lethality, it will be interesting to investigate the role of Akirin2 in developmental tissues for controlling chromatin remodeling by coupling with various transcription factors.
In summary, this study clearly demonstrates that Akirin2 controls a set of inflammatory genes with non-CpG island promoters by recruiting the SWI/SNF complex and interacting with IκB-ζ. We believe that this is the first study unveiling the mechanism of initiation of chromatin remodeling after NF-κB activation in innate immune cells. Targeting Akirin2 in immune cells might be beneficial for ameliorating inflammatory diseases and may lead to new strategies for combating autoimmune diseases.
Experimental Procedures
Mice, Cells and reagents
Floxed Akirin2, IκBζ -/and NF-κBp50 -/mice were described previously (Goto et al, 2008; Sha et al, 1995; Yamamoto et al, 2004) . Mice were housed in specific-pathogen-free conditions and all animal experiments were done with the approval of the Animal Research Committee of the Research Institute for Microbial Diseases (Osaka University, Osaka, Japan), and of Kyoto University.
Peritoneal exudate cells were isolated from the peritoneal cavities of mice 3 days after injection with 2 ml of 4.0% Brewer's thioglycollate medium (Sigma) by washing with ice-cold Hank's buffered salt solution (Invitrogen). BMDMs were generated in RPMI-1640 medium containing 10% (vol/vol) FCS, 50 μM 2-mercaptoethanol and 20 ng/ml M-CSF (Peprotech).
J774 mouse macrophage cell line was cultured and maintained in DMEM containing 10%
(vol/vol) FCS, 50 μM 2-mercaptoethanol, 100 U/ml penicillin and 100 µg/ml streptomycin.
TLR ligands, MALP-2 was provided as described previously (Matsushita et al, 2009 ), LPS from Salmonella Minnesota Re595 (Sigma), poly (I:C) from Amersham Biosciences; and R-848 and CpG oligonucleotide (ODN 1668) was used as described previously (Matsushita et al, 2009 ). Lipofectamine 2000, Lipofectamine RNAiMAX Reagent (Invitrogen) and FuGENE Transfection reagent (Promega) were used for transfection. Recombinant human IL-1β, mouse IL-6, IL-3 and stem cell factor was purchased from R&D systems.
Measurement of cytokine production
Peritoneal macrophages (5 x 10 4 ) and BMDM (5 x 10 4 ) were stimulated for 24 hours with Malp2, R848, LPS, Poly I:C or with CpG DNA. Culture supernatants were collected and cytokine concentrations were measured with an ELISA kit (R&D Systems) for IL-6, TNF, IL-12p40, CXCL1 and (PBL interferon source) for IFN-β.
In vivo infection experiments with Listeria monocytogenes
L. monocytogenes bacteria were grown in Tryptic Soy Broth (TSB) at 37°C for 6 hours with shaking. Mice were intraperitoneally infected with 5 x 10 5 bacteria/mice in a volume of 0.25 ml of PBS. Serum was collected at the indicated time intervals and subsequently analyzed for cytokine concentrations with an ELISA kit (R&D Systems) for IL-6, TNF and IL-12p40 production. Mice were sacrificed 24 hours after infection, PECs were harvested and subjected to quantitative PCR and flow cytometry analysis. For measuring the bacterial load, liver and spleen were aseptically removed from mice to produce a homogenized PBS suspension. The serially 10-fold diluted homogenates by PBS of organs were placed on TSB agar plates and then were incubated at 37°C for 24 h. The number of bacterial colonies was then counted and expressed as CFU/organ.
Electrophoretic mobility-shift assay (EMSA)
Macrophage from the peritoneal exudate cells (1 x 10 6 ) were treated with LPS for various time periods. Nuclear extracts were purified from cells, incubated with probes specific for the NF-κB and IRES DNA-binding sites, separated by electrophoresis and were visualized by autoradiography as described previously (Goto et al, 2008) .
Co-Immunoprecipitation
HEK293 or HeLa cells seeded on 60-or 100-mm dishes were transiently transfected with a total of 6-8 μg of the appropriate combination of plasmids. At 48 hours after transfection, cells were lysed in lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA and 1% (vol/vol) Nonidet P-40) containing complete mini protease inhibitor cocktail (Roche). Proteins were immunoprecipitated from lysates incubated overnight with an anti-flag-M2 monoclonal antibody (Sigma) and dynabeads (Invitrogen) in lysis buffer. Immune complexes were washed three times with lysis buffer and suspended in SDS sample buffer (lysis buffer containing 3 mM Tris-HCl, pH 6.8, 2% (wt/vol) SDS, 5% (vol/vol) β-mercaptoethanol, 10% (vol/vol) glycerol and bromophenol blue). Samples were boiled for 5 min at 98 °C and separated by SDS-PAGE and analyzed by immunoblot using anti-flag, anti-myc (Sigma), anti-NFκB-p50 (Santa Cruz H-119), anti-NFκB-p65 (Santa Cruz C-20) or anti-IκB-ζ antibodies.
Immunoblot analysis
Peritoneal exudate cells were cultured for 2 hour in medium and were then stimulated with LPS for the indicated times and were lysed with lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA and 1% (vol/vol) Nonidet P-40) containing complete mini protease inhibitor cocktail (Roche). Cell lysates were separated by standard SDS-PAGE and analyzed by immunoblot. Antibodies to the following proteins were used: phosphorylated Erk (Cell Signaling no. 9101), phosphorylated p38 (Cell Signaling 9211), p38 (Santa Cruz C-20), Erk (Santa Cruz K-23), IκBα (Santa Cruz C-21), phosphorylated JNK (Cell Signaling 9251), JNK (Santa Cruz C-17) and β-tubulin (Santa Cruz D-10).
Quantitative PCR analysis
Total RNA was isolated with TRIzol (Invitrogen), and reverse transcription was performed with ReverTra Ace (Toyobo) according to the manufacturer's instructions. For quantitative PCR, cDNA fragments were amplified by real time PCR Master Mix (Toyobo); fluorescence from the TaqMan probe for each cytokine was detected by a 7500 real-time PCR system (Applied Biosystems). To determine the relative induction of cytokine mRNA in response to various stimuli, the mRNA expression level of each gene was normalized to the expression level of 18S rRNA. All the experiments were performed in triplicate at least three times.
Flow cytometry
Antibodies for flow cytometry were purchased from BD Biosciences and Biolegend. Cells were washed in ice-cold flow-cytometry buffer (0.5% (vol/vol) FCS and 2 mM EDTA in PBS, pH 7.5), then incubated with each antibody for 30 min, washed twice with flow-cytometry buffer and resuspended in an appropriate volume of flow-cytometry buffer. Data were acquired on a FACS Canto II flow cytometer (BD Biosciences) and analyzed with FlowJo (Tree Star).
Restriction enzyme accessibility assay
Experiments were performed as described previously with little modifications (Ramirez-Carrozzi et al, 2006) . Briefly, PECs (2 x 10 6 cells) were stimulated with LPS (100 ng/mL) for indicated time period and the cell nuclei were isolated and digested with limiting amounts of restriction enzyme AflII (100 U), and were incubated for 15 min at 37°C, followed by genomic DNA isolation. Purified DNA (10-15 μg) was digested to completion to generate reference cleavage products using the following restriction enzymes: XbaI and SpeI for the Il6 promoter.
Samples were analyzed by Southern blotting with 32 P-labeled gene-specific probes designed at the Il6 promoter region (-1169 to +620).
Chromatin Immunoprecipitation (ChIP)
ChIP was performed by using a chip assay kit (Millipore) as described elsewhere with little modification (Satoh et al, 2010) . Briefly, PECs or BMDM's (2 x 10 6 cells) and HeLa cells (5 x 10 6 ) were stimulated with LPS (1 µg/mL) or recombinant hIL-1β (10 ng/ml) (R&D systems), respectively, and were fixed with 1% formaldehyde (Nacalai Tesque, Japan) for 10 min at 37 0 C. Cells were then washed twice with ice cold PBS and resuspended in SDS lysis buffer supplied with the kit. Lysates were sonicated using ultrasonicator (Covaris S2 and Bioruptor TM ) to obtain DNA fragments with a peak in size between 150 and 300 bp. Lysates pre-cleared with Dynabeads (Invitrogen) were incubated with antibodies against phospho RNA Pol II (S5P), H3K9(Ac) or H3K4(Me)3 (Abcam) and Brg-1 (J1) and immune-precipitated at 4 0 C overnight.
The immune complexes were absorbed with beads. Beads were washed once with low salt buffer, high salt buffer, LiCl wash buffer, and twice with TE buffer. Immune complexes were extracted with elution buffer (50mM Tris-HCl, pH-8.0; 10mM EDTA; 1% SDS) and cross links were reversed by incubating overnight at 65 0 C. After RNAse treatment for 2 hours at 37 to assess the presence of target sequences. Quantitative RT-PCR was performed with SYBR green qPCR mix (Toyobo) in an Applied Biosystem 7500. Primers used for amplifying Il6, KC (Cxcl1), Tnf, Il12b and IL8 loci were shown previously (Coles et al, 2010; Negishi et al, 2012; Ramirez-Carrozzi et al, 2006) . ChIP values were normalized against the input and expressed as relative enrichment of the material precipitated by the indicated antibody on Il6 promoter (relative quantification using the comparative Ct method (2 -ΔΔCt )). Error bars indicate mean ± std. deviation. The results are representative of at least three independent experiments.
Construction of expression plasmids
Akirin2, IκBζ and Baf60a, b and c cDNA was obtained by PCR from a mouse cDNA library.
Full length or truncated Akirin2 cDNAs were cloned into the pcDNA-Flag or Myc tag vectors for overexpression or pMRX-Puro vector for retrovirus production (Matsushita et al, 2009 ).
Full length Baf60a, b and c cDNAs were cloned into pcDNA3.1 (+) -Myc tag vectors and full length or truncated IκBζ cDNAs were cloned into the Flag tagged pEF-BOS vector for overexpression or pMRX-Puro vector for retrovirus production.
Retroviral transduction of Mouse Embryonic Fibroblasts (MEFs)
Akirin2 -/-MEFs were established as described (Goto et al, 2008) . Briefly, MEFs were isolated from Akirin2 fl/fl mice at embryonic day 13.5. Cells were cultured in DMEM (supplemented with 10% (vol/vol) FCS, 10 mM sodium pyruvate, 2 μM L-glutamine, 50 μM 2mercaptoethanol, 100 U/ml penicillin, 100 µg/ml streptomycin). Then, 48 h later, these cells were transduced with retroviral supernatant (supplemented with 10 ng/ml of polybrene) for 12 hours. Virus was produced by PlatE packaging cells transfected with pMRX-puro vector stably expressing -cre-and/or full length Akirin2 or deletion mutants. After incubation with retroviral supernatant (supplemented with polybrene), the cells were cultured in DMEM (supplemented with 10% (vol/vol) FCS, 10 mM sodium pyruvate, 2 μM L-glutamine, 50 μM 2mercaptoethanol, 100 U/ml penicillin, 100 µg/ml streptomycin and 2 µg/ml of puromycin).
After 48 hours in culture, cells were washed once with ice cold PBS and the cells were harvested and used for further experiments.
Retroviral transduction of Macrophages
Highly efficient retroviral transduction of macrophages was achieved by transduction of hematopoietic stem cells before differentiation into macrophages, as described previously (Satoh et al, 2010) . BM was isolated from LysM-Cre + ;Akirin2 fl/+ , LysM-Cre + ;Akirin2 fl/fl , NF-κBp50 -/and IκBζ -/deficient mice that had been injected intraperitoneally 4 d earlier with 5 mg of 5-fluorouracil (Nacalai tesque). Cells were cultured in stem cell media (DMEM supplemented with 15% FCS, 10 mM sodium pyruvate, 2 mM L-glutamine, 50 µM βmercaptoethanol, 100 U/ml penicillin, 100 µg/ml streptomycin, 100 ng/ml stem cell factor, 10 ng/ml IL-6 and 10 ng/ml IL-3). Then, 48 h later, these cells were transduced with retroviral supernatant (supplemented with stem cell factor, IL-6, IL-3 and 10 ng/ml of polybrene) on two successive days. Virus was produced using PlatE. After the second transduction, cells were washed and resuspended in macrophage growth media (RPMI 1640 medium supplemented with 10% FCS, 10 mM HEPES, 10 mM sodium pyruvate, 2 mM L-glutamine, 50 µM βmercaptoethanol, 100 U/ml penicillin, 100 µg/ml streptomycin and 40 ng/ml macrophage colony-stimulating factor). The cells were cultivated for 7 days, and were subjected to analysis.
Microarray Analysis
Thioglycollate-elicited peritoneal macrophages were stimulated with LPS (100 ng/mL) for different time periods. Then, total RNA was extracted with TRIzol (Invitrogen Life Technologies) and further purified using an RNeasy kit (Qiagen). Biotin-labeled cDNA was synthesized from 100 ng of total RNA using the Ovation Biotin RNA amplification and labeling system (Nugen) according to the manufacturer's protocol. Hybridization, staining, washing, and scanning of Affymetrix mouse Genome 430 2.0 microarray chips were conducted according to the manufacturer's instructions. Data analysis was performed using R (http://www.r-project.org/). The data were normalized by robust multichip analysis (RMA) and log2-transformed expression values are shown. Genes with differential expression between control and Akirin2-deficient macrophages were clustered based on the similarity in the differences in microarray probe intensities between control and Akirin2-deficient macrophages for the time points 0, 2, and 4 h after stimulation. Clustering was done using hierarchical clustering using Ward's method. After visual inspection genes were divided into 8 clusters.
MicroArray data are deposited in GEO (Accession number GSE59319).
Analysis of CpG islands associated with Akirin2-dependent and independent genes
For Akirin2-dependent and independent genes, the GC content and CpG score of the genomic regions -100 to -1 and +1 to +100 relative to the transcription start sites were calculated. CpG island predictions for the mouse genome were obtained from the UCSC Genome Browser database (Meyer et al, 2013) . For the Akirin2-dependent and independent sets of genes, the number of genes with predicted CpG islands in the regions -1kb to +1kb and -10kb to +10kb relative to the transcription start site were counted. P values for the difference in CpG islandassociations between the Akirin2-dependent and independent sets were estimated using the Ztest for proportions, based on the predicted CpG-islands in the region -1kb to +1kb. All analyses were based on the Refseq gene annotations for version mm10 (Dec. 2011, GRCm38) of the mouse genome.
RNA Interference
siRNAs targeting human AKIRIN2, BAF60a, BAF60b and BAF60c were designed and purchased from the Ambion ( Supplementary Table S2 ). siRNAs targeting human BRG1 were designed and purchased from Dharmacon ( Supplementary Table S2 ). HeLa cells were transfected with siRNA using Lipofectamine RNAiMax following the manufacturer's instructions with little modifications. A retroviral vector containing a small hairpin RNA (shBAF60a, shBaf60b, shBaf60c and shBrg1) was obtained by cloning the randomly designed annealed primers into BglII and XhoI sites of the pSUPER-retro-Puro (Oligoengine) following the manufacturer's protocol. J774 cells were transfected with shRNA using FuGENE transfection reagent according to the manufacturer's instructions with little modifications.
Statistical Analysis
The statistical significance of differences was determined by the two-tailed Student's t-test.
Differences with a P value of less than 0.05 were considered statistically significant. Columns 2 to 4 show the difference (log2 ratios) in expression between LysM-Cre + ;Akirin2 fl/+ and LysM-Cre + ;Akirin2 fl/fl macrophages, for time points 0h, 2h, and 4h. Column 5 shows the cluster index assigned by hierarchical clustering (see Figure 3E ). Columns 6, 7 and 8, 9 show the CpG scores and GC content in the regions from -100 to -1 and from +1 to 100 relative to the transcription start sites. Column 10 and 11 show whether a CpG island is predicted (1) or not (0) within the regions -10 kb to +10 kb and -1 kb to +1 kb. Colors reflect the difference in gene expression, the CpG scores, and the GC content, as indicated in the respective color legends. (B) These genes were further classified as Akirin2 dependent (lower frequency of CpG-islands) and Akirin2 independent (higher frequency of CpG-islands) genes. The pie charts show the fraction of genes associated with CpG-islands on the region -1 kb to +1 kb for 
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